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The partition of oligonucleotides and DNA staining dyes into 
a few hydrophobic ionic liquids has been studied, where the 
oligonucleotides remain in the aqueous phase and all the DNA 
staining dyes are extracted in the ionic liquid phase, allowing 
the separation of these two. 10 
DNA staining dyes are commonly used in molecular biology 
and analytical chemistry for detecting not only nucleic acids, 
but also metal ions, small molecules and proteins (e.g. with 
DNA aptamers).1-6 Most DNA staining dyes are conjugated 
cationic molecules and they bind to DNA via electrostatic, -15 
 stacking and intercalation interactions to produce strong 
fluorescence. The DNA/dye complex is very stable and can 
often survive gel electrophoresis. Therefore, one of the 
analytical challenges is to remove the dye after staining so 
that precious DNA samples might still be used for other 20 
applications. So far, no attempts have been reported to 
achieve this goal. 
 Ionic liquids (ILs) are molten salts at around room 
temperature.7-10 ILs are comprised of cations and anions with 
low symmetry, disfavoring their packing into stable crystals. 25 
With very low vapor pressure, ILs are considered to be green 
solvents that may replace some of the conventional organic 
solvents. Recently, ILs have been shown to dissolve many 
biopolymers.11-14 Some protein enzymes are more stable and 
active in ILs.15 ILs can also provide long-term stability to 30 
DNA.16 Various studies have been carried out to understand 
the interaction between ILs and DNA.17-22 
 There are two types of ILs; one type is hydrophilic and 
miscible with water while the other type is hydrophobic and 
forms a separate phase in water. We recently reported that 35 
some hydrophilic ILs can either act as salt to increase the 
melting temperature (Tm) of DNA or as solvent to reduce its 
Tm.22 Hydrophobic ILs, on the other hand, might be used for 
analyte enrichment and extraction.23-25 Hydrophobic ILs have 
also been used for DNA separation,26 translocation,27 mass 40 
spectrometry,28 and DNA gel fiber formation.29 We reason 
that hydrophobic ILs might interact with DNA staining dyes 
via electrostatic, hydrophobic and van der Waals interactions, 
which may be stronger than its interaction with DNA. In this 
work, we demonstrate extraction of DNA staining dye from 45 
DNA using hydrophobic ILs.  
 A total of four ILs were studied in this work (Figure 1A). 
[Emim][PF6] is a solid at room temperature with poor water 
solubility. [Bmim][PF6] and [Hmim][PF6] are liquids and 
show phase separation with water, while [Bmim][BF4] is 50 
miscible with water. As an initial test, we mixed a 24-mer 
single-stranded (ss) DNA with SYBR Green I dye (SG) in 
buffer (50 mM NaCl, 20 mM HEPES, pH 7.6). A strong green 
fluorescence was observed under UV excitation (Figure 1B). 
We then added an equal volume of [Bmim][PF6]. After a 55 
thorough mixing and then centrifugation to facilitate phase 
separation, the fluorescence disappeared. This suggests that 
the DNA and SG either are separated into different phases or 
are both extracted into the IL phase, where the fluorescence 
was quenched.  60 
 To confirm the location of DNA, we repeated the 
experiment with a Cy3-labeled DNA (Figure 1C). The DNA 
alone fluoresced orange and addition of SG resulted in 
stronger fluorescence due to the staining of the DNA. After 
mixing with [Bmim][PF6], no fluorescence was observed in 65 
the bottom IL layer while the upper aqueous layer remained 
orange. Therefore, the DNA was likely in the upper aqueous 
phase and SG was extracted into the IL phase.  
 
Figure 1. (A) Structures of the ILs used in this work. Fluorescence 70 
photographs of partition of non-labeled ss-24-mer DNA (B), ss-Cy3-DNA 
(C), and non-labeled ds-24-mer DNA (D) in water/[Bmim][PF6] mixture. 
The aqueous layer is on the top since this IL is heavier than water. (E) 
Partition of ds-24-mer DNA/SG in water/molecular solvent mixtures. The 
aqueous layers are at the bottom due to higher density. 75 
 Since ss-DNA has very low affinity for SG, we next tested 
ds-DNA. The cDNA of the 24-mer DNA was added to form a 
duplex, where SG generated a highly fluorescent sample 
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(Figure 1D). Addition of SG and vortex resulted in the upper 
aqueous layer to be green fluorescent and the lower IL layer 
to be dark, suggesting that both the ds-DNA and SG were in 
the aqueous phase, consistent with the high affinity between 
ds-DNA and SG. For comparison, the fluorescence 5 
disappeared if ss-DNA was used (Figure 1B). We next 
sonicated the sample to facilitate mixing, where a milky 
emulsion like mixture was obtained. After centrifugation, the 
sample showed phase separation again but became completely 
dark. Addition of more SG to the aqueous phase regained 10 
fluorescence. Therefore, at least a fraction of the DNA 
remained in the aqueous phase, while the dye has been 
extracted into the IL phase. The extraction of the dye out of 
the aqueous phase cannot be achieved by molecular solvents 
(Figure 1E). Among the five tested solvents, none separated 15 
the DNA/SG complex since fluorescence was observed for all 
the samples in the aqueous phases.  
 To explore the generality of our observation, we tested a 
few more DNA staining dyes including ethidium bromide 
(EB), SYTO-13, PicoGreen and thiazole orange (TO). The ds-20 
DNA/dye complexes were respectively mixed with two types 
of ILs (Figure 2A). In all cases, the upper aqueous layers were 
non-fluorescent but weak fluorescence was observed in the 
lower IL phases. Gentle addition of the dyes into the aqueous 
phases resulted in strong fluorescence for EB and PicoGreen 25 
but SYTO-13 and TO still showed weak fluorescence even 
without sonication (Figure 2B), suggesting that either these 
dyes have very strong affinity for the ILs or relatively weaker 
affinity for the DNA.   
 For comparison, the dyes themselves without DNA were 30 
tested (Figure 2C); the dyes appeared to be in the bottom IL 
phases and the fluorescence property was similar to that in 
Figure 2A. This confirms that the ILs could extract the dyes 
regardless of the presence or absence of DNA. It is interesting 
to note that the fluorescence of the dyes were stronger in the 35 
ILs than that in water when no DNA was present, suggesting 
that the dyes might have similar interactions with the ILs as 
that achieved with DNA to promote their fluorescence. Since 
most DNA staining dyes are cationic, to have a general 
understanding, we also tested a few anionic dyes, which can 40 
also be extracted into the ILs and be protonated (Figure S1, 
ESI). However, deoxyadenosine cannot be extracted (Figure 
S2). It appears that hydrophobicity and charge are important 
to determine extraction efficiency by ILs. 
 In the above work, we used a volume ratio of 1:1 between 45 
the aqueous phase and the IL phase. To test the efficiency of 
extraction, we fixed the concentrations of the ds-DNA (100 
nM) and dye (1 M) with the total sample volume of 200 L. 
Next, various volumes of IL were added. After mixing and 
phase separation, the fluorescence in the aqueous phase was 50 
measured and complete dye extraction indicated by the lost of 
fluorescence was achieved with just 10 L [Bmim][PF6] (5%) 
(Figure 3A) or 5 L [Hmim][PF6] (Figure 3B). We did not 
test even lower IL volumes since [Bmim][PF6] has a solubility 
of 2% in water.30,31 The slightly higher extraction efficiency 55 
of [Hmim][PF6] might be related to its even lower solubility 
in water. Such high extraction efficiency was observed for 
SG, TO, and EB, confirming the generality. 
 Our work also indicated that at least a fraction of DNA 
(Figure 1C, D) remained in the aqueous phase, allowing DNA 60 
separation with the dyes that are extracted into the ILs. Next, 
we aim to quantitatively test the partition of DNA. We 
employed FAM-labeled homopolymers (15-mer) of all the 
nucleotides. After thorough mixing and phase separation, the 
aqueous phase fluorescence was measured (Figure 3C). The 65 
DNA fluorescence in the aqueous phase remained quite 
constant for all the DNA sequences, suggesting that most of 
the DNA should still be in the aqueous phase. Since this 
observation is different from a published paper,25 we 
performed back extraction (Figure 3D). The aqueous phase 70 
after mixing with IL shows roughly the same fluorescence 
intensity compared to the original DNA dispersed just in 
water (red and blue bars in Figure 3D). For back extraction, 
the IL phase was carefully transferred to a new tube and water 
or an extraction buffer was added. Based on back extraction, 75 
the amount of DNA extracted into the IL phase was less than 
5% and this is true for all the tested DNA homopolymers 
(Figure 3D, blue and purple bars). Therefore, it is unlikely 
that these ILs can be used for DNA extraction. On the other 
hand, as we demonstrated above, they are ideal for extraction 80 
of DNA staining dyes.  
 In the paper where DNA extraction was reported, long ds-
DNA was used while we used oligonucleotides in this study. 
To make a full comparison, we also tested such long DNA. 
Using the EB staining assay described in the paper,25 some 85 
DNA extraction was suggested with certain buffer conditions 
based on fluorescence decrease. However, no extraction was 
found based on back extraction. We also developed a UV-vis 
based assay to quantify DNA at 260 nm, where no DNA 
extraction was observed either. We reason that this reported 90 
‘extraction’ of DNA might be related to artifacts associated 
with ILs and dye interaction and also to the very low DNA 
concentration used (Figure S3-7, ESI). We also measured that 
even single nucleosides tend to stay in the aqueous phase 
(Figure S2). Overall, our studies indicate that DNA cannot be 95 
extracted by the ILs tested in this paper. It needs to be noted 
that by changing the design of ILs, it is possible to selectively 
extract DNA.32  
 
Figure 2. Fluorescence photographs of (A) extraction of ds-DNA/dye 100 
mixtures by ILs; (B) add dyes to the upper aqueous layer to the samples 
from (A); (C) extraction of the dyes (no DNA) by the ILs. The bottom 
layers are the ILs and the top layers are water. 
 Since these ILs still have certain solubility in water, the 
dissolved IL might affect the property of DNA in the aqueous 105 
phase. For example, [Bmim][PF6] has 2% solubility in 
water,30 which translates into ~70 mM IL. After extraction, 
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we need test whether the property of DNA is affected by the 
extraction process. One assay for such effects is to measure 
the Tm of DNA. For this purpose, we thoroughly mixed an 
aqueous buffer with [Bmim][PF6] and harvested the aqueous 
phase with saturated IL. Compared to the normal aqueous 5 
buffer, the Tm increased by just 1 C. For comparison, when 
NaCl was added to the same DNA, the Tm value increased 
from 37 C to 63 C. The same measurement was also 
performed using [Bmin][BF4], which is miscible with water. 
The DNA reached the highest Tm of 43 C at ~100 mM IL and 10 
further increase of the [Bmin][BF4] concentration suppressed 
Tm. DNA destabilization at high IL concentration is likely due 
to the hydrophobic interaction between the IL and DNA base, 
weakening DNA base pairing interactions. Therefore, these 
hydrophobic ILs at low concentration are ineffective salts for 15 
promoting the DNA duplex stability, likely due to their bulky 
cation sizes. We further tested the extracted DNA for PCR, 
where they can also be amplified similar to the orginal 
untreated DNA (Figure S8). Therefore, for the two 
hydrophobic ILs we tested, they did not affect the stability of 20 
the DNA significantly. 
 
Figure 3. Extraction efficiency of various dyes by [Bmim][PF6] (A) and 
by [Hmim][PF6] (B). (C) Fluorescence intensity of the aqueous phase 
DNA as a function of [Bmim][PF6] concentration after extraction. The 25 
lack of fluorescence drop indicates that DNA was still in the aqueous 
phase. (D) Back extraction into aqueous buffer confirming the lack of 
DNA in the IL phase. (E) Melting curves of a DNA duplex in aqueous 
buffer and in the buffer with saturated [Bmim][PF6]. (F) Tm as a function 
of NaCl or [Bmim][BF4] concentration of the ds-DNA.  30 
 In summary, we have reported a method to efficiently 
separate DNA staining dyes from DNA without disturbing 
DNA properties. We found that DNA remained in the aqueous 
phase instead of in the IL phase. Finally, the affinity between 
ILs and DNA staining dyes is very strong and care needs to be 35 
taken for assays involving ILs and these dyes to quantify 
DNA.  
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